ABSTRACT
INTRODUCTION
The search for the use of other sources of electric energy in Brazil is necessary since the projection of consumption for the next years is much higher than the supply of energy. It is estimated that by 2050 the total electricity consumption will increase by 3.2% per year 1 . As an alternative, the generation of solar energy can help in the supply of this demand, since the country has a large territorial extension and great solar incidence with high irradiation rates. Obtaining electric energy from solar energy can be done through Grid-Connected Photovoltaic Systems (GCPVS). Some efforts have been made to develop this technology, such as ANEEL´s Normative Resolution n. 482 dated April 17, 2012, which establishes the general conditions for microgeneration and minigeration access to the distribution system, establishing in Brazil the electrical energy compensation 2 . On March 1, 2016, the amendments to ANEEL's Normative Resolution no. 482 from Normative Resolution n. 687 came into force, making the compensation system more comprehensive 3 .
MATERIAL AND METHODS

Performance Parameters
In order to measure the viability of the GCPVS in Curitiba, solar irradiation data were collected in the city through the National Institute of Meteorology 4 (INMET), according to figure 1. To determine the values of the irradiation incident on the photovoltaic panels of the three cases of study, it was necessary to use the RADIASOL software, provided by the Federal University of Rio Grande do Sul (UFRGS). Table 1 shows the geographic characteristics that should be included in RADIASOL, as well as other aspects that influence the performance of GCPVS, such as installed power and the average electricity generation in a year, corresponding to the months March 2016 to April 2017. In order to evaluate the performance of the systems studied by means of obtained values, the merit indicators were calculated, which are classified as Capacity Factor (CF), Final Yield (YF) and Performance Ratio (PR). These parameters allow performance comparison between GCPVSs operating with different powers or premises 5 . The ratio between power generation (kWh) and maximum total production (kWp) in a given period corresponds to the capacity factor 6 , which is calculated by means of equation (1) .
In Brazil, GCPVS have between 13% and 18% CF, varying according to the availability of the solar resource, the technology and the form of design adopted 7 . The YF reflects the performance of each GCPVS by means of relation between generated energy (kWh) and installed power (kWp) of the system 6 . This index is obtained through equation (2) .
Finally, the performance ratio represents the real capacity to convert available solar energy in the plane of the panels into alternating current, usually linked to a year of operation 6 . This index takes into account the losses occurred in the process of conversion of solar energy into electricity and is expressed in equation (3) .
The purpose of this index is to reduce losses in order to maximize the performance of the plant, which should vary between 70% and 80%, with typical value of 75% for projects.
Economic Analysis
For the economic study, the period of average annual value of electricity consumption was the same of data collected from generation. Based on the energy bills of the GO, Neoville and residence, the consumptions of these systems were 2,273.92 kWh/month, 34,533.25 kWh/month and 501.25 kWh/month, respectively. In the case of residence, a consumption scenario was created for the GCPVS already installed. In addition, the connection type for each consumer unit was considered, which is three-phase and must pay in relation to the cost of availability -value in reals at 100 kWh referring to the minimum consumption paid by the consumer. The energy distributor specifies the electric energy rate, which includes federal (PIS / COFINS) and state (ICMS) taxes. For the scenarios studied, data from Parana Energy Company (COPEL) were considered. The residential consumer and the GO have their rates according to subgroup B1, conventional rate. Meanwhile, Neoville belongs to the A4 subgroup, green rate -public power 8 . The values of these rates are specified by COPEL and are shown in table 2. In order to estimate electricity rates over the next 25 years, the lifespan average of a GCPVS, the annual adjustments for 2010 to 2016 were explored 10 and the data average was considered as the default value for a correction of the rate, that is, 8.45% per year. For the residential scenario, two hypotheses were considered in relation to taxes. First, it considered the ICMS in the energy calculations compensated at night, which is the current economic situation in Parana. Subsequently, this rate was disregarded in compliance with ICMS Agreement 16/2015 of the National Council of Finance Policy (CONFAZ) 9 . For the purpose of financial analysis, it was considered for the residential scenario a percentage distribution of 30% at daytime and 70% at the night, representing 150.38 kWh / month and 350.88 kWh / month consumption of electricity average, respectively. The systems of UTFPR are considered ideal cases and do not need to consider the ICMS discount because all the energy produced by the GCPVS during the day is consumed, with no energy left to be compensated. The costs of implementing GCPVS include the average watt-peak value of R$ 8.58 for systems up to 5 kWp and R$ 7.57 for systems from 5 kWp to 30 kWp 11 . Table 3 presents the approximate cost of each system based on surveys carried out in the market of installers in Curitiba in April 2017. The cost of operating and maintaining the GCPVS is 1% per year over the initial investment value and the efficiency loss of a GCPVS generator is 0.65% per year 12 . These amounts are subject to an annual adjustment with the same proportion as the electricity rate projection over 25 years, that is, 8.45% per year. Considering the need to replace the inverter every 10 years, an extra investment is required, which represents 16.09% of the total cost of the GCPVS 12 . Based on the data collected, it was possible to prove the feasibility of the project through economic engineering tools such as Simple Payback, Discounted Payback, Net Present Value (NPV), and Internal Rate of Return (IRR). Simple payback allows calculating how many years it takes to make the project cash flow equal to the investment amount. This method does not consider the current value of money. The difference between simple and discounted payback is that, in the second case, it is necessary to bring the entire cash flow (CF) to the present value (PV), according to equation (4), through a given interest rate (i) during the period considered 13 .
Another method used was the NPV, presented in equation (5), which explicitly considers the time value of money, calculating the present value of the cash flow over the period considered by means of an interest rate and discounting the initial cost of the project 14 . In comparative terms, the payback equals the NPV when it becomes equal to zero, that is, the payback corrected the investment.
Finally, the IRR represents the NPV equal to zero when the payback is reached, that is, the investment could be paid. The IRR considers the value of money over time and, after being calculated, is compared with the rate of return expected by the investment, indicating whether or not the project is viable 13 . Through the "IRR" function of the Excel software, the internal rate of return was obtained for the cases studied.
Capital Application
The savings generated after 25 years of GCPVS installation can be applied in a bank as a form of income. For the calculation of the saved balance, the fees of savings account in a bank between 2010 to 2016 15 were considered, that is 7.22%. This value was used as default rate of return for the next 25 years. The application of the savings in a bank was done yearly.
RESULTS
Performance Parameters
Through the data obtained from average daily irradiance, generated energy and installed power in the GCPVS of each system, it was possible to verify systems functionality and to compare their respective performances in the year 2016 by means of merit indicators, which can be compared in figures 2, 3 and 4. 
Economic Analysis
In order to evaluate the economic viability of the systems, it was necessary to undertake a study based on economic engineering tools, according to current rate model in Brazil. Table 4 shows the return on the initial investment time of the GCPVS studied. To calculate the simple payback, it was necessary to adopt a cash flow to control positive and negative cash flows of financial funds based on generation values, day and night energy consumption, COPEL rates with and without taxes, maintenance and operation costs, inverter exchanges and savings generated by the installation of the GCPVS. It can be noticed that the investment was paid at the moment when the cash flow becomes positive. For the analysis of the discounted payback, the value of the average SELIC rate for the years 2010 to 2016 16 was considered as the reference of the interest rate in calculations, that is, 10.98%. To calculate the NPV and IRR, the initial investment and the savings generated over 25 years were considered. The SELIC interest rate of 11.25% was adopted for the purpose of calculations, which was in force in April 2017 when the data of operation of the GCPVS were collected 16 . The results of these indices can be seen in 
Capital Application
The values saved in bank account at the end of 25 years after the installation of GCPVS are presented in figure 5 . In comparative terms, table 6 shows the savings obtained if the GCPVS´s investment value were applied directly in a bank account under the same rate of return. irradiation rates become high, also maximizing the performance rate, which presents satisfactory indexes around the expected percentage of 75% for the GCPVS.
As for the period of return on investment, it is worth mentioning that in an economy where the annual adjustment of the electricity rate was higher, the return on investment would be anticipated. In addition, it can be seen that the GO and residence's payback occurs more quickly when compared to Neoville because the electric energy rate is higher in consumer units of subgroup B1 than in A4. In relation to the ICMS Agreement 16/15, the economy in the home becomes more attractive in this scenario since it exempts the payment of taxes when the consumer returns energy to the electricity grid.
In an application of the balance saved in the bank after the installation of the GCPVS, it is possible to notice that the economy over 25 years is bigger for the case of Neoville, because the installed power is higher when compared to the other systems, thus generating more electric power and more economy. If the GCPVS were not installed and the cost of the investment was applied to a bank account, at the end of 25 years the economy would be lower in all cases.
CONCLUSIONS
The GCPVS can be installed in buildings being an option to produce electricity, such as distributed generation, contributing to the increase of electricity availability in Brazil. Despite being considered a high-cost investment, the long-term economy can become advantageous to the consumer who installs the system due to the electric energy compensation system. The performance parameters are adequate when compared to the period of operation of each system and it is possible to notice that the plants installed in 2016, both residential and Neoville, have higher performance when compared to an older plant, such as the Green Office. The economic analysis served as a basis to prove the feasibility of the system's project for all the cases studied. Through the calculation of simple and discounted payback, the time required for the payment of the systems was lower than its lifespan, which is approximately 25 years. In relation to the NPV, it presented a positive value at the end of the analyzed period, indicating the viability of the project. From the point of view of the IRR, this was higher than the interest rate considered, the SELIC, indicating that the installation of the GCPVS system is viable.
